A real-time obstacle avoidance approach for mobile robots has been developed and tested on an experimental mobile robot. The approach enhances the basic concepts of the Potential Field Method by representing obstacles in a twodimensional certainty grid that is especially suited to the accomodation of inaccurate real-time sensor data (such as that produced by ultrasonic sensors) as well as sensor fusion. Experimental results on a mobile robot running at 0.78 m/sec demonstrate the power of the new algorithm.
Introduction
One method for obstacle avoidance is based on edge detection. In this method, the algorithm determines the position of an obstacle's vertical edges and consequently attempts to steer the robot around those edges. This method was used in our own previous research (Borenstein, 1987; Borenstein and Koren, 1988) , as well as in several other research projects, such as (Crowley, 1984; Weisbin et al. 1986 ), A drawback of this method is its sensitivity to sensor accuracy. Unfortunately, ultrasonic sensors, which are commonly used in mobile robot applications, have many shortcomings that aggravate this drawback:
1. Poor directionality limits the accuracy in determining the spacial position of an edge to 10-50 cm, depending on the distance to the obstacle.
2. Frequent misreadings, caused by either ultrasonic noise from external sources or stray reflections from neighboring sensors, cannot always be filtered out.
3. Specular reflections occur when a smooth surface of an unfavorably oriented obstacle reflects incoming ultra-sound waves away from the sensor. In this case, the obstacle either is not detected or is "seen" as much smaller than it is in reality (since only part of the surface is detected).
Another disadvantage with an obstacle avoidance approach based on edge detection is the need for the robot to stop in front of an obstacle in order to obtain more accurate measurements. 
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Another disadvantage with an obstacle avoidance approach based on edge detection is the need for the robot to stop in front of an obstacle in order to obtain more accurate measurements. With the certainty grid world model, the robot's )York area is represented by a two-dimensional array of square elements (denoted as cells). Each cell <i. j) contains a certainty calue CU,j) that indicates the measure of confidence that an obstacle exists within the cell area. The greater C(i, j), the greater the level of confidence that an obstacle occupies the cell.
With our approach, ultrasonic sensors are continuously sampled while the robot is moving. If an obstacle produces an echo (within the predefined maximum range limit of 3 m), the corresponding cell contents C<i.j) are incremented. A solid. motionless obstacle will eventually cause a high count in its corresponding cells. Misreadings. on the other hand. occur randomly. and will not cause high counts in any particular cell. This method yields a more reliable obstacle representation in spite of the ultrasonic sensors' inaccuracies.
Tho Virtual Forco Field <YFF) Alsorithm
The idea of obstacles conceptually exerting forces onto a mobile robot has been suggested by Khatib (985). Krogh (984) enhances this concept by taking into consideration the robot's velocity in the vicinity of obstacl~, and Thorpe 098Sb) uses the Potential Fields Method for off-line path planning. Krogh and Thorpe (1986) suggest a combined method for global and local path planning that uses Krogh's Generalized Potential Field (GPF) approach.
None of the above methods. however. have been implemented on a mobile robot that uses real sensory data. Brooks (1986) mentions the implementation of a Force Field Method in an experimental robot, but apparently this robot stops upon detection of an obstacle.
Our Force-Field concept has been implemented in and tested on an experimental mobile robot that moves among simulated obstacles without stopping when a simulated obstacle is ·detected.
• Currently, obstacle boundaries are simulated in the certainty grid by manually assigning a certainty value of 10 to each occupied cell. Even though all obstacle data is thus present at the outset of a run. the algorithm only looks at a small window of the grid (currently 33x33 cells = 3. 3Ox3 . 30m>, with the robot's momentary location at the center of that window. Limiting the algorithm's ·vieW-to a small window closely resembles the way the robot would work if ultrasonic sensors were used to provide range data about the environment while the robot was moving. 
Tho Certainty Grid fOJ Obstacle Rmosentation
The representation of obstacle in a grid model using certainty levels has been suggested by Elfes (985), Moravec and Elfes (985), and Moravec (986). This representation is especially suited to the unified representation of data from different sensors (ultrasonic, vision, proximity, etc.) as well as the accomodation of inaccurate sensor data (such as measurements from ultrasonic sensors).
With the certainty grid world model, the robot's )York area is represented by a two-dimensional array of square elements (denoted as cells). Each cell <i. j) contains a certainty calue CU,j) that indicates the measure of confidence that an obstacle exists within the cell area. The greater C(i, j), the greater the level of confidence that an obstacle occupies the cell.
3. Tho Virtual Forco Field <YFF) Alsorithm The idea of obstacles conceptually exerting forces onto a mobile robot has been suggested by Khatib (985) . Krogh (984) enhances this concept by taking into consideration the robot's velocity in the vicinity of obstacl~, and Thorpe 098Sb) uses the Potential Fields Method for off-line path planning. Krogh and Thorpe (1986) suggest a combined method for global and local path planning that uses Krogh's Generalized Potential Field (GPF) approach.
• Currently, obstacle boundaries are simulated in the certainty grid by manually assigning a certainty value of 10 to each occupied cell. Even though all obstacle data is thus present at the outset of a run. the algorithm only looks at a small window of the grid (currently 33x33 cells = 3. 3Ox3 . 30m>, with the robot's momentary location at the center of that window. Limiting the algorithm's ·vieW-to a small window closely resembles the way the robot would work if ultrasonic sensors were used to provide range data about the environment while the robot was moving.
